INTRODUCTION
It is well known that natural killer (NK) cells play a critical role in elimination of infected and transformed cells. However, little is known about the mechanism to regulate growth and survival of NK cells. Interleukin (IL)-2 has been reported to involve in clonal expansion and functional differentiation of NK cells [1] [2] [3] [4] [5] . Among downstream signals of IL-2, the implication of anti-apoptotic protein kinases such as Src-kinase, Janus tyrosine kinase/signal transducer and activator of transcription (Jak/stat) system, Syk kinase, mitogen-activated protein (MAP) kinase and phosphatidylinositol (PI)-3 kinase has been well described [6] [7] [8] [9] [10] [11] [12] . In contrast, involvement of pro-apoptotic molecules such as BAX family, caspases, DNA fragmentation factor 40 (DFF40)/caspase-activated DNase (CAD) and ceramide in IL-2-induced cell survival were rarely known.
Ceramide, a key molecule in both synthesis and degradation of complex sphingolipids, has been reported to be involved in the signal transduction of extracellular stimuli leading to apoptotic cell death, differentiation and growth arrest [13] [14] [15] [16] . It was reported that IL-1β mediated prostaglandin E2 production through ceramide generation by sphingomyelin (SM) hydrolysis [17] [18] [19] , and that increase of ceramide content was correlated with IL-6 and IL-8 production in fibroblasts and gastric cancer cells, respectively 20, 21 . These results suggest the potential involvement of ceramide in cytokine-induced cell growth. In fact, IL-2 was previously shown to induce a reduction of ceramide content and an increase of DNA synthesis in Jurkat T cells 22 , but it remains to be clarified the molecular mechanism by which ceramide content is regulated in IL-2-induced NK cell growth and survival.
Intracellular ceramide is known to be generated by SM hydrolysis through activation of acid or neutral sphingomyelinase (SMase) in response to various kinds of pro-apoptotic stress such as Fas antibody, irradiation, heat shock and anti-cancer reagents 13, 16, 23 . In addition to SMase(s), glucosylceramide synthase (GCS) generating glucosylceramide by . Reduction of ceramide through activation of SMS was suggested in basic fibroblast growth factor (bFGF)-induced increase of DNA synthesis in primary astrocytes 30 . These results suggest that regulation of ceramide content through ceramide-related enzymes is closely involved in apoptosis and cell growth.
PI-3 kinase has been reported to mediate IL-2-induced cell growth and survival 4,31-33 , and recently cannabinoids was shown to inhibit ceramide-induced apoptosis in astrocytes through activation of PI-3 kinase 34 . As a mechanism by which PI-3 kinase induces inhibition of tumor necrosis factor-α-induced apoptosis in primary astrocytes, PI-3 kinase-dependent inhibition of ceramide generation through SM hydrolysis was shown 35 .
In addition, ceramide generation by neutral SMase was inhibited by a constitutively active PI-3 kinase 36 .
Thus, the involvement of PI-3 kinase in ceramide regulation through inhibition of neutral SMase is suggested, but it remains to be clarified whether and how ceramide-related enzymes such as acid SMase, GCS and SMS are regulated through IL-2-mediated PI-3 kinase. We here show that IL-2 restores NK cell survival with a reduction of ceramide but this rescue is hindered by an increase of intracellular ceramide. A PI-3 kinase inhibitor, LY294002 blocks IL-2-induced reduction of ceramide through activation of acid SMase and inhibition of GCS and SMS. In addition, a constitutively active only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From 5 PI-3 kinase enhances growth rate and reduction of ceramide through regulation of acid SMase, GCS and SMS. We further show that PI-3 kinase regulates IL-2-induced changes of protein, mRNA and transcriptional levels in acid SMase and GCS, but does not affect mRNA degradation level. These results suggest the role of PI-3 kinase-dependent reduction of ceramide through acid SMase, GCS and SMS in IL-2-rescued NK cell survival. IL-2 rescue experiment -The KHYG-1 cells cultured in IL-2-containing medium were washed twice with IL-2-deprived medium (RPMI-1640 supplemented with 10% fetal bovine serum (FBS, SIGMA) and 80 ng/ml of kanamycin sulfate) and cultured without IL-2 at a concentration of 3 × 10 5 cells/ml. IL-2 (100 units/ml) was supplied to the medium after 12 h of deprivation, and the cells were cultured thereafter (IL-2 (-→ +)). In contrast to IL-2-rescue experiment, some cells were cultured in the absence (IL-2 (-)) or presence (IL-2 (+)) of IL-2 for 36 hours.
Ceramide quantification-After extracting the lipids according to the Bligh and Dyer method as described before, ceramide levels in the cells were measured enzymatically by using Escherichia Coli diacylglycerol kinase (DGK) 39 , which converts ceramide and diacylglycerol to ceramide 1-phosphate and phosphatidic acid, respectively, and the amounts of ceramide were corrected by phospholipid phosphate. Assay for glucosylceramide synthase (GCS) and sphingomyelin synthase (SMS) activities-KHYG-1 cells were harvested, washed phosphate-buffered saline and dispersed in 150 µl of hypotonic buffer containing 20 mM Tris-HCl (pH 7.5), 2 mM EDTA, 10 mM EGTA, 1 mM PMSF and 2.5 µg/ml Leupeptin. After left on ice for 10 min, the cells were lysed by passing through a 27-gauge needle at least 10 times. The lysate was centrifuged at 800 × g for 5 min at 4 ºC. The supernatant was used as the whole-cell extract. In this assay GCS catalyzes the transfer of glucose residue from UDP-glucose to C6-NBD-ceramide. SMS catalyzes the addition of phosphocholine to ceramide to produce C6-NBD-sphingomyelin. Fifty µg of protein was added to 100 µl of a reaction buffer (10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 10 µg/ml C6-NBD ceramide, 100 µg/ml phosphatidylcholine and 500 µM UDP-glucose) and incubated at 37 ºC for 2 h.
Western blot analysis-KHYG-1 cells were harvested, washed with phosphate-buffered saline and vortexed in 100 µl of lysis buffer containing 10 mM Tris-HCl (pH 7.4), 10 mM KCl, 1.5 mM MgCl 2 , 1% Triton X-100, 1 mM PMSF, 10 µg/ml leupeptin and 10 µg/ml aprotinin. After left on ice for 30 min, the lysate was centrifuged at 10,000 × g for 15 min at 4 ºC. The supernatant was used as loading sample. The samples (50 µg) were denatured by boiling in Laemmli's sample buffer for 5 min, subjected to SDS-poly-acrylamide gel electrophoresis using 10% running gel, and electroblotted to Immobilon Transfer Membrane (Millipore) as described before (Fig. 1A) . In IL-2-deprived condition, the cells slightly decreased growth rate in the first 12 h, and thereafter underwent apoptotic cell death ( Fig. 1A and inset). IL-2-deprivation for 48 h induced apoptosis up to 90%, but IL-2 supplementation after 12 h of deprivation rescued the cells from apoptosis ( Fig. 1A and inset) . Intracellular ceramide levels in IL-2-deprived condition were significantly higher than those in IL-2-supllied condition (Fig. 1B, p<0 .01 each). Ceramide contents increased from 4.5 ± 0.5 pmol/nmol phosphate to 6.2 ± 1.0, 8.5 ± 1.3 and 11.6 ± 1.7 pmol/nmol phosphate after 12, 24 and 36 h of IL-2 deprivation, respectively (Fig. 1B) .
On the other hand, increase of ceramide content (6.2 ± 1.0 pmol/nmol phosphate) returned close to the control level (4.9 ± 1.5 pmol/nmol phosphate) after 24 h of IL-2 supplementation (Fig. 1B) . For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From growth inhibition.
Changes of enzymatic activities in GCS, SMS and SMases in IL-2-induced
survival-We compared the activities in ceramide-related enzymes such as GCS and SMS, and acid and neutral SMases in between IL-2-deprived and -supplied condition. The activities of GCS and SMS decreased to 77 ± 4% and 83 ± 3% of the control, respectively, 12 h after deprivation, and subsequent IL-2 supplementation for 24 h restored the activities to 123 ± 7% and 94 ± 3% of the control, respectively ( Fig. 2A and 2B ). After 36 h of deprivation, GCS and SMS activities decreased to 53 ± 13% and 67 ± 5% of the control, respectively. In other hand, acid SMase was activated to 150 ± 22% of the control after 12 h of deprivation. Subsequent supplementation of IL-2 for 24 h returned increase of acid SMase activity close to the control level, but consecutive deprivation for 36 h further increased acid SMase to 175 ± 18% of the control (Fig. 2C) . Neutral SMase activity was not affected in the presence or absence of IL-2 (Fig. 2D) . These results suggest that IL-2-supplementation induces a reduction of ceramide content through inhibition of acid SMase and activation of GCS and SMS.
Inhibition of PI-3 kinase by LY294002 blocked IL-2-induced survival, but AG490
and PD98059 did not.-Western blot analysis using anti-phospho-Akt antibody showed that amount of phosphorylated Akt on Serine 473 was decreased to 29% of the IL-2-supplied control after 12 h of IL-2-deprivation, but IL-2 supplementation immediately returned the decreased phosphorylation of Akt to the control level (Fig. 3A) . When the cells were , these results suggest that the activation of PI-3 kinase is required for IL-2-restored NK cell growth. In addition to PI-3 kinase, the possible involvement of Jak/stat or MAP kinase pathways in IL-2-mediated growth was examined. Treatment with AG490 or PD98059 did not affect IL-2-restored increase of cell growth (Fig. 3E) , suggesting little involvement of Jak/stat and MAP kinase pathways in IL-2-restored cell growth. SMS from 151 ± 6% and 169 ± 7% to 120 ± 11% and 131 ± 20% of the control level, respectively ( Fig. 4B and 4C ). In contrast, 30 µM of LY294002 increased IL-2-inhibited activity of acid SMase to the control level (Fig. 4D) . Neutral SMase was not affected by treatment with LY294002 (Fig. 4E) . These results suggest that inhibition of PI-3 kinase by For (Fig. 5C ). GCS and SMS activities (119 ± 7% and 124 ± 12%, respectively) in PI-3K active cells were significantly higher than those in the mock cells ( Fig. 5D and 5E, p<0.01).
Inhibition of PI
On the other hand, acid SMase activity in PI-3K active cells was 64 ± 2% of the mock control (Fig. 5F ). There was no significant difference in neutral SMase activity between PI-3K active and mock cells (Fig. 5G) . These results show that activation of PI-3 kinase is closely involved in a reduction of ceramide through modulation of SMS, GCS and acid
SMase.
Inhibition of PI-3 kinase by LY294002 blocked IL-2-induced changes of mRNA and protein levels in GCS and acid SMase-As shown in Fig. 6A , IL-2 deprivation induced a decrease of GCS and an increase of acid SMase at mRNA level as compared to β-actin ( Fig. 6A and 6B ). The levels of GCS and acid SMase mRNAs were changed from 100% each to 49% and 122% of the control unit, respectively, after 12 h of IL-2 deprivation.
Subsequent supplementation with IL-2 for 12 h attenuated the levels of GCS and acid SMase mRNAs close to the control level, e.g.: from 49% and 122% to 145 and 73% of the control level, respectively (Fig. 6A) . Treatment with 30 µM of LY294002 blocked IL-2-induced changes of GCS and acid SMase mRNA levels from 145% and 73% to 118% and 103% of the control level, respectively (Fig. 6A ). In addition, IL-2 supplementation induced similar changes of GCS and acid SMase at the protein level (Fig. 6B) . Treatment with 30 µM of LY294002 also blocked IL-2-induced increase of GCS protein and decrease only.
For (Fig. 6B) .
Effects of inhibition of PI-3 kinase by LY294002 on the stability and transcriptional rate of acid SMase and GCS mRNAs-In order to investigate further mechanisms by which PI-3 kinase modulates the levels of acid SMase and GCS mRNAs, we analyzed the effects of LY294002 on the stability and transcriptional rate of these mRNAs after IL-2 supplementation. For the stability, KHYG-1 cells cultured in IL-2-deprived condition for 12 h were first treated with 10 µg/ml actinomycin D to inhibit de novo synthesis of mRNAs. Then, after IL-2 supplementation changes in acid SMase and GCS mRNA levels were examined by northern blot analysis. As shown in Fig. 7A and 7B, treatment with 30 µM of LY294002 did not affect the degradation rate of acid SMase and GCS mRNAs, suggesting little involvement of IL-2-activated PI-3 kinase in the stability of these mRNAs.
Next, we assessed the effects of LY294002 on the transcriptional rate in acid SMase and GCS mRNAs by nuclear run-on assay. IL-2 deprivation for 12 h induced an increase of acid SMase and a decrease of GCS as compared to β-actin at mRNA transcription level ( Fig. 7D and 7E). By subsequent IL-2 supplementation, the transcriptional levels of acid SMase and GCS mRNAs were returned to those of consecutively IL-2-supplied control ( Fig. 7D and 7F ).
In contrast, treatment with 30 µM of LY294002 blocked IL-2-induced changes of mRNA transcription levels in GCS and acids SMase (Fig. 7G) . For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From activation of SMS in the rat primary astrocytes 30, 50 . We here showed that ceramide content was reduced through not only activation of SMS and GCS but also inhibition of acid SMase in IL-2-rescued NK cells (Fig. 2A~2C) , although neutral SMase was not affected (Fig. 2D) .
Ceramidase activity was too low to detect in KHYG-1 cells (data not shown). These results suggest the possible involvement of an efficient reduction of ceramide by the coordinated action of ceramide-related enzymes in IL-2-rescued NK cell survival.
We next investigated the involving signaling pathway in ceramide reduction in IL-2-rescued condition. IL-2 has been shown to activate the signaling molecules such as PI-3 kinase, Jak/stat system and MAP kinase to induce cell growth 51 . Since PI-3 kinase was known to phosphorylate Akt Serine
473
, IL-2-induced increase of phosphorylation of Akt Serine 473 indicates the involvement of PI-3 kinase in IL-2-induced NK cell survival (Fig. 3A) , and the inhibition of phosphorylation of Akt Serine 473 showed a specific, inhibitory effect of LY294002 on PI-3 kinase at the concentration (10~30 µM) we used here ( Fig. 3B and 3C ).
As shown in Fig. 3D , restoration of cell growth by IL-2 was significantly inhibited by LY294002, but not by AG490 and PD98059, which are the inhibitors for Jak/Stat kinase and MAP kinase, respectively (Fig. 3E) . Therefore, PI-3 kinase, as compared to Jak/stat and MAP kinase pathway, appeared to be more critical in IL-2-restored KHYG-1 cell survival.
Since inhibition of PI-3 kinase also blocked IL-2-induced reduction of ceramide and enzymatic changes in GCS, SMS and acid SMase (Fig. 4) , ceramide reduction in IL-2-rescued NK cells seemed to be regulated by PI-3 kinase through inhibition of acid SMase and activation of GCS and SMS. This notion was further confirmed in PI-3 kinase-overexpressing COS-7 cells, where higher level of growth increase and ceramide reduction were detected through activation of GCS and SMS, and inhibition of acid SMase as compared to the mock control cells (Fig. 5) . It was previously reported that exogenous SMase was partially suppressed by expression of a constitutively active PI-3 kinase and only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From enhanced by inhibition of PI-3 kinase, and that the inhibition by IL-10 and IL-13 of tumor necrosis factor-α-mediated degradation of SM to ceramide is involved in the activation of PI-3 kinase. PI-3 kinase also negatively regulated p75NTR-dependent ceramide signaling through an inhibition of acid SMase activity in PC12 cells 52 . Therefore, although these results are suggesting that cross-talk between PI-3 kinase and ceramide generation through SMase(s) [52] [53] [54] , this work is a first report showing the coordinated involvement of acid SMase, GCS and SMS through PI-3 kinase in a reduction of ceramide. In addition, we interestingly found that ceramide levels seem to be regulated through PI-3 kinase-dependent acid SMase, GCS and SMS in IL-2-stimulated human primary NK cells (data not shown).
We next investigated the mechanism of PI-3 kinase to regulate acid SMase and
GCS in IL-2-rescued NK cells. Northern and western blot analyses showed that LY294002
clearly blocked L-2-induced inhibition of acid SMase and activation of GCS at the mRNA and protein levels (Fig. 6) . As a molecular basis for the regulation of acid SMase and GCS mRNAs through PI-3 kinase has not been fully clarified, the stability and transcriptional rate of GCS and acid SMase mRNAs were further examined. The results showed that inhibition of PI-3 kinase by LY294002 did not affect the stability of GCS and acid SMase mRNAs ( only.
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